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Introduction
Bone is a highly dynamic tissue which is able to continuously renew itself. Skeletal homeostasis determines bone mass in adults by achieving balance between bone resorption by osteoclasts and bone formation by osteoblasts. Protein ubiquitination is an important regulation for controlling cell function, and this mechanism has been implicated in the control of bone cell homeostasis.
Ubiquitination is a post-translational modification that has many functional implications. Ubiquitinated proteins undergo proteasomal or lysosomal degradation. 1 There are several types of ubiquitin ligases, which are classified according to their structures and their mechanisms of action. WW domain-containing ubiquitin ligases are a subgroup of the homologues to the E6aP carboxyl terminus (hEcT) family of ubiquitin E3 ligases, which promote protein ubiquitination by binding to a PPXY motif on target proteins. This class of E3 ligases consists of Nedd4-1, Nedd4-2, Itch, Smurf1, Smurf2, WWp1 and WWp2, 2, 3 and promotes ubiquitination and subsequent proteasomal or lysosomal degradation of target proteins. 1, 4 Thus far, the WW domain-containing ubiquitin ligases, Smurf1, Smurf2, Wwp1 and Wwp2, have been reported to be involved in bone cell regulation through modification of the stability of multiple proteins including the BMPSmad-runx2 protein, 4, 5 Smad3 and GSK3β, 6 JunB, 7 and Goosecoid. 8 Itch is a ubiquitin E3 ligase and is another member of the WW domain-containing ubiquitin ligases. 9 Itch Ko mice in a c57Bl/6J background develop a progressive autoimmune disease. 10 We reported that young Itch Ko mice have increased bone mass and osteoblast differentiation. 11 however, the involvement of E3 ligases, including Itch,-mediated cellular events in fracture repair has not previously been studied.
In the current study, we have demonstrated high expression levels of E3 ligases, including Itch, and ubiquitinated proteins in fracture callus tissues. Itch Ko mice have increased expression of osteoblast-associated genes in callus tissues that were isolated from an early stage of fracture repair. These callus tissues had increased expression levels of runx2 mrNa, the essential transcription factor for osteoblast differentiation. our findings suggest that Itch, or factors that regulate Itch-mediated cellular events, could be a potential target for enhancing bone fracture healing.
Materials and Methods
Animals. a total of ten 12-week-old wild-type c57Bl/6J male mice were purchased from Jackson laboratory (Bar harbour, Maine). a total of five Itch Ko mice on a c57Bl/6J background were generated by breeding heterozygous female with heterozygous male mice. homozygous mice for Itch deficiency (Itch Ko mice) were genotyped using polymerase chain reaction (Pcr) as we previously reported. 11 The University committee on animal resources at the University of rochester has approved all procedures performed on the animals, as well as the housing conditions and the diet in this study. Tibial fracture model. open tibial fractures were created in WT and Itch Ko mice (five pairs). In brief, an incision of 6 mm in length was made in the skin on the anterior side of the tibia after anaesthesia. a sterile 27 G x 1.25 inch needle was inserted into the marrow cavity of the tibia from the proximal end, temporarily withdrawn to facilitate transection of the tibia using a scalpel at midshaft, and then reinserted to stabilise the fracture. The incision was closed with 5-0 nylon sutures. Fractures were confirmed by radiograph. callus tissues were harvested at days 3, 7, 10, 14, and 21 following fracture for rNa extraction. For examining the expression levels of total ubiquitinated proteins, the mice were treated with the proteasome inhibitor MG132 (1 mg/ kg by intraperitoneal injection, EMD Millipore, Billerica, Massachusetts) 24 hours before they were killed at day 7 following fracture. Total ubiquitinated proteins were examined in callus tissues by Western blot analysis. The cortical bone tissues from the non-fractured legs were used as control. Quantitative-PCR. Total rNa was extracted from callus tissues using TrIzol reagent (Invitrogen, carlsbad, california). cDNas were synthesised using an iScrIPT cDNa Synthesis Kit (Bio-rad laboratories, hercules, california). Quantitative real-time (rT)-Pcr amplifications were performed in the icycler (Bio-rad) real-time Pcr machine using iQ SYBr Green Supermix (Bio-rad) according to the manufacturer's instruction. The expression levels of ubiquitin E3 ligases (Itch, Wwp1, Smurf1 and Smur2), NF-κB members (rela, relB, p50, p52), osteoblast-related genes (runx2 and alkaline phosphatase, alP) and osteoclast-related genes (receptor activator of Nuclear Factor kappa-B, raNKl and osteoprotegerin, oPG) were examined with sequence specific primers (Table I) .
Glyceraldehyde 3-phosphate dehydrogenase (GaPDh) was amplified on the same plates and used to normalise the data. Each sample was prepared in triplicate and each experiment was repeated at least once. The relative abundance of each gene was calculated by subtracting the cycle threshold (cT) value of each sample for an individual gene from the corresponding cT value of GaPDh (ΔcT). ΔΔcT were obtained by subtracting the ΔcT of the reference point. These values were then raised to the power of 2 (2ΔΔcT) to yield fold expression relative to the reference point. Western blot analysis. Whole-cell lysates were prepared from fracture callus tissues or c2c12 cells, an osteoblast/ myoblast precursor cell line that was purchased from aTcc (Manassas, virginia). homogenised fracture callus tissues with liquid nitrogen or cells were lysed with mammalian protein extraction reagent (Pierce chemical, Dallas, Texas) containing a protease inhibitor mixture (roche applied Science, Indianapolis, Indiana). Whole cell lysates (10 μg protein/lane) were loaded in 10% Sodium Dodecyl Sulfate (SDS)-PaGE gels, transferred to a nitrocellulose membrane, and immunoblotted with antibodies to β-actin, ubiquitin (Santa cruz Biotechnology) and Itch (BD Biosciences, San Jose, california). Bands were visualized using Ecl chemiluminescence (amersham Biosciences, Piscataway, New Jersey). Chromatin immunoprecipitation (ChIP) assay. The c2c12 cells were infected with retroviral virus encoding green fluorescent protein (GFP) control, NF-κB rela or relB for 24 hours. Infection efficiency was confirmed by a fluorescent microscopy. chIP assay was performed with the MaGnify chromatin Immunoprecipitation System (Invitrogen) according to the manufacturer's instructions. 1x10 6 cells in 500 µl PBS were fixed with 1% formaldehyde for 15 minutes. cells were then lysed in 50 µl lysis Buffer containing protease inhibitor and sonicated on ice eight times with a 20-seconds-on, 20-seconds-off cycle at high power using the Bioruptor UcD-200 sonicator (Diagenode, Denville, New Jersey) to shear chromatin into 200 bp to 500 bp fragments. 10 µl of chromatin was diluted to 100 µl with dilution buffer. 10 µl was used as an Input. antibodies against rela and relB or control rabbit IgG (Invitrogen) were used in the immunoprecipitation step. antibodies were coupled to the Dynabeads (ThermoFisher Scientific, Waltham, Massachusetts) and then incubated with 100 µl diluted chromatin for two hours at 40°c. after adequate washing, the immuoprecipiated (IP) chromatin was reversed for the crosslinking with crosslinking buffer containing Proteinase K for 15 minutes at 55°c. The purified DNa fragments were determined by quantitative Pcr using the primers localised at the binding sites (Table  II) . control primers localised at irrelevant down-streaming sites were used as a negative control. amplification efficiency was calculated by 100x2e (average Inputaverage IP), where the Input control was named as Input recovery. Statistical analysis. all results are given as mean and standard deviation (sd). comparisons between the two groups were analysed using the two-tailed unpaired Student's t-test. one-way analysis of variance (aNova) and Dunnett's post hoc multiple comparisons were used for comparisons among three or more groups. a p-value of less than 0.05 was considered statistically significant.
Results
Increased expression of e3 ligases and NF-κB members in callus tissues during bone fracture repair in WT mice. The WW domain-containing ubiquitin E3 ligases, including Wwp1, Smurf1 and Itch, regulates the stability of the positive osteoblast regulators runx2, JunB and cXcr4. 4, 12, 13 To determine if these E3 ligases are involved in fracture repair, we examined their expression levels in callus tissues from WT c57Bl/6J mice which had undergone surgical tibia bone fracture. The expression levels of Smurf1, Smurf2 and Itch were all significantly increased, starting at day 7 following fracture, Wwp1 expression increased significantly, starting at day 10, and reached maximum expression at ten days following fracture (Itch expression reaching the maximum at 14 days) (Fig. 1) .
We have previously reported that NF-κB members are positive regulars of E3 ligase Itch in osteoclast lineage cells. 14 Thus, we examined expression of NF-κB members at mrNa level extracted from callus tissues at different time points post-fracture. The expression levels of all NF-κB members, including p50, rela, p52 and relB, were significantly increased, starting at 7 days after fracture and reaching maximum expression at 14 days (Fig. 2) , a similar time point to that of when E3 ligase levels were elevated. Increased expression of NF-κB members in fracture callus. Samples were obtained from the callus tissue as in Figure 1 . The expression levels of NF-κB members were determined by quantitative polymerase chain reaction (qPcr). values are mean and standard deviation of three mice. The relative expression was calculated as fold change using the expression level at day 3 as 1. *p<0.05 versus samples from day 3.
Increased amount of total ubiquitinated proteins in fracture callus tissues. We sought to determine if the total number of ubiquitinated (Ub)-proteins in callus tissues is increased in the presence of proteasome inhibitor MG132. The total amount of Ub-proteins in callus tissues from the fractured legs was increased compared with cortical bone tissues from non-fractured legs (Fig. 3) .
NF-κB upregulates Itch expression in osteoblast progenitor
cells. We have demonstrated that NF-κB rela mediated raNKl induces Itch expression in osteoclasts by directly binding to NF-κB sites in the itch promoter. 14 We wanted to know if this also occurs in osteoblasts. We have also previously identified two putative NF-κB binding sites at the -3473/-3465 and -3183/-3175 location of the murine Itch promoter (National centre for Biotechnology Information refSeq accession number Nc_000068) using TFSEarch software (version 1.3, National Institute of advanced Industrial Science and Technology, Tokyo). 14 We overexpressed rela and relB in c2c12 cells and found that both of them could increase Itch expression (Fig. 4a) and then performed chIP assays using an anti-NF-κB rela or relB antibody to pull down protein-chromatin complexes and two primer sets around these NF-κB binding sites. results showed rela and relB bindings to the NF-κB binding sites of the Itch promoter (Figs 4b and 4c) . Relative expression (fold over day 3) * * * * * * * * * * * * * * * Fig. 1 Increased expression of multiple Nedd4 subclass of E3 ligases in fracture callus. Three-month-old WT c57 Bl/6J male mice underwent a surgical tibia fracture and were killed at different time points post-fracture. The expression levels of E3 ligases in callus tissue were examined by qPcr. values are mean and standard deviation of three mice. The relative expression was calculated as fold change using the expression level at day 3 as 1. *p<0.05 versus samples from day three.
Thus, in the absence of Itch, osteoblast differentiation should be increased. To determine if this is the case at the bone fracture site, we examined the expression levels of osteoblast-associated genes (runx2, alP) and genes associated with bone remodelling, raNKl and oPG in fracture callus of Itch Ko mice at different time points post-fracture. runx2 and alP are two positive osteoblast regulators which are regulated partially through ubiquitination and proteasome degradation in osteoblasts. 7, 15 It was seen that raNKl and oPG play critical roles in osteoclast formation and bone remodelling. The expression levels of alP and runx2 were significantly increased in fracture callus of Itch Ko mice compared to WT, starting from day 7 post-fracture. The ratio of raNKl/oPG was not changed, although their expression levels were also elevated in Itch Ko callus tissues (Fig. 5 ).
Discussion
In this study, we examined the potential involvement of E3 ligase Itch in fracture repair using WT and global Itch knockout (Ko) mice. We demonstrated elevated expression levels of WW domain-containing ubiquitin E3 ligases including Itch at early stages of fracture repair. Elevated Itch expression was associated with increased expression of NF-κB members. NF-κB upregulated Itch expression by binding to the NF-κB binding site in the Itch promoter in an osteoblast progenitor cell line. callus tissues from Itch Ko mice expressed high levels of osteoblast-positive regulator runx2 and alP. These findings suggest that during the early stage of fracture repair, inflammation (NF-κB) may increase expression of Increased total ubiquitinated proteins in fracture callus. WT mice received bone fracture surgery as in Figure 1 . callus tissue from fractured legs was harvested at day 7 after mice received MG132 for 24 hours. Total ubiquitinated (Ub) proteins were determined by Western blot analysis using anti-ubiquitin antibody. The cortical bone samples from the non-fractured legs were used as a control (ctl). NF-κB upregulates Itch expression in osteoblasts. c2c12, an osteoblast/myoblast cell line, was infected with GFP control, NF-κB rela or relB virus for 24 hours. a) Expression levels of Itch protein were determined by Western blot analysis. b) chromatin immunoprecipitation (chIP) assays were performed on immunocomplexes that were pulled down with anti-rela, anti-relB antibody or Immunoglobulin G (IgG). Precipitated DNa was measured by polymerase chain reaction (Pcr) and quantitative Pcr using sequence-specific primers. values are mean (sd) of determinates in triplicate. * p < 0.05 versus green fluorescent protein (GFP)-infected samples.
multiple WW domain-containing ubiquitin E3 ligases including Itch, which may limit osteoblast differentiation. Thus, Itch or factors that regulate Itch, or other WW domain-containing E3 ligase-mediated cellular events, could be a potential target for enhancing bone fracture healing.
Bone mass is dependent on the balance between bone formation by osteoblasts and bone resorption by osteoclasts. [16] [17] [18] The differentiation and function of these cells are regulated by a number of factors, including the ubiquitin-proteasome pathway. In this pathway, the WW domain-containing ubiquitin ligase family that is composed of Smurf1, Smurf2, Wwp1, and Itch, and NEDD4 plays an important role in regulating bone cell functions. 19 The WW domain-containing ubiquitin ligase family defines substrate specificity by recognising the target protein and then degradation in the 26S proteasome. 20, 22 For example, Smurf1 directly interacts with runx2 and induces its degradation. 19 The inflammatory cytokine tumour necrosis factor alpha (TNFα) increases Smurf1 expression in osteoblasts, 5 leading to the degradation of Smad1 and runx2, and subsequently impaired osteoblastogenesis. 19 The ubiquitin-proteasome pathway is also involved in osteoclastogenesis by directly controlling important signalling pathways such as the nuclear factor kappa-B (NF-κB) pathway. 22 Smurf2 transgenic mice in which the Smurf2 transgene is driven by the col2a1 promoter develop an osteoarthritis-like phenotype. 23 Wwp1 plays an important role in chronic inflammation-induced osteoblast inhibition and regulates JunB degradation. 12 Itch regulates the stability of multiple proteins via ubiquitination and subsequent proteasomal or lysosomal degradation. 24 In this study, we demonstrated for the first time that the expression levels of multiple WW domain-containing ubiquitin ligase members are significantly increased in callus tissues at an early stage of bone fracture, which is associated with elevated expression of NF-κB members. More importantly, we demonstrated that the total amount of ubiquitinated proteins in fracture calluses was also increased compared with samples from non-fractured bones. These data suggest that the ubiquitin-proteasome pathway may participate in the fracture repair process.
In osteoclasts, we reported that Itch inhibits raNKlinduced osteoclast formation and limits TraF6 de-ubiquitination by binding the de-ubiquitinating enzyme cylindromatosis. Itch transcription is directly regulated by raNKl during osteoclast differentiation via NF-κB. 14 In the current study, we demonstrated that NF-κB members also promote Itch expression in osteoblasts, indicating that NF-κB activation may affect protein ubiquitination and degradation in osteoblast lineage cells via Itch and perhaps other WW domaincontaining E3 ligases. Itch deficiency causes progressive autoimmune diseases 10, 25 and increased osteoclastogenesis. 14 The molecular mechanisms by which Itch deficiency leads to autoimmune disease and multi-organ inflammation have been linked to persistent activation of the Jun amino terminal kinase (JNK) and NF-κB signal pathways in T cells and macrophages in response to inflammatory cytokines. 26 Itch Ko T cells have activated JNK signal protein kinase cascade and accelerated degradation of c-Jun and JunB proteins. 27 Itch limits TNFinduced NF-κB activation by facilitating a20-mediated ubiquitination and degradation of the adaptor protein, receptor-interacting protein (rIP), in T cells and macrophages. 28, 29 Itch is also required for negative regulation of TNF-and lipopolysaccharide (lPS)-mediated TNF receptor-associated factor 6 (TraF6) ubiquitination induced by rING finger protein 11 (rNF11). 30 We demonstrated increased expression of alP and runx2 mrNa in the fracture callus of Itch Ko mice, but there is no change in the raNKl/oPG ratio. alP and runx2 levels are closely related to the degree of osteoblast differentiation. Increased expression of alP and runx2 in the callus tissue of Itch Ko mice suggests that Itchmediated osteoblast change may play a dominant role in the fracture repair process. however, this hypothesis needs to be tested in mice carrying osteoblast-specific depletion of Itch.
In summary, we demonstrated increased expression levels of WW domain-containing ubiquitin ligases in callus tissues compared to non-fracture bone, which is accompanied by increased amount of Ub-proteins. We also detected higher levels of osteoblast-associated genes in callus tissues from Itch Ko mice than in samples from WT mice. These data suggest for the first time that the ubiquitin-proteasome pathway may participate in the bone fracture repair process. however, whether factors or drugs that modulate the protein ubiquitination and degradation can be used to promote fracture repair is something that needs to be examined.
